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Designing electrode materials with high specific capacitance is crucial for further improving the energy
storage performance of supercapacitors. Nickel sulfide (NiS) nanosheets anchored on the surface of N-
doped hollow carbon spheres (NiS/NHCS) were rationally designed and synthesized via a multistep
transformation approach. Uniform nickel silicate nanosheets were first deposited on the surface of
NHCSs, followed by chemical conversion into NiS nanosheets. The NiS/NHCS composite shows
excellent electrochemical properties as an electrode material for supercapacitors. The NiS/NHCS
electrode can deliver a high specific capacitance of 1150 F g1 at 1 A g1 and show outstanding cycling
performance with a retention rate of 76% over 4000 cycles, which are much higher than those of pure
NiS hollow spheres (NiS-HS) (400 F g1 and 63%, respectively). Moreover, a hybrid supercapacitor
assembled with NiS/NHCS as the cathode and an activated carbon electrode as the anode delivers
a high energy density of 38.3 W h kg1 at a power density of 160 W kg1 and has an excellent cycle
performance with the retention rate of 96% after 5000 cycles. The exceptional electrochemical
performance of the NiS/NHCS composite indicates its potential application in high-performance
supercapacitors.Introduction
Energy storage and conversion devices, in particular recharge-
able batteries and supercapacitors, have attracted increasing
attention for the better utilization of renewable resources.1–5
Supercapacitors have been considered as one of the most
promising device candidates due to their intriguing character-
istics of fast charge/discharge capability, outstanding cycle life
and high power density.6–10 Nonetheless, the relatively low
energy density of supercapacitors compared with rechargeable
batteries still requires signicant improvement. Enhancing the
specic capacitance of the electrode materials is one of the
compelling approaches to solve this issue.
Recently, transition metal suldes have been extensively
investigated as novel electrode materials for supercapacitors,11
due to their high theoretical specic capacitance, excellentgy for Materials Synthesis and Processing, 
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including nickel suldes (NiS,12 Ni2S3 (ref. 13) and Ni7S6
(ref. 14)), cobalt suldes (Co3S4 (ref. 15)), manganese suldes
(MnS16), and binary metal suldes (NiCo2S4 (ref. 17) and
MnCo2S4 (ref. 18)). Among them, nickel sulde has received
special interest. For instance, NiS box-in-box hollow structures
reported by Yu et al.19 delivered a high specic capacitance of
668 F g1 at the current density of 1 A g1 and distinguished rate
performance (71% capacitance retention at 20 A g1). Yang
et al.20 synthesized hierarchical ower-like nickel sulde which
exhibited a specic capacitance of 972.3 F g1 at 2 A g1 and
excellent cycling stability. Zhu et al.21 fabricated NiS hollow
spheres via a facile template-engaged transformation approach,
which showed high specic capacitances of 927–583 F g1 at
different current densities of 4.08–10.2 A g1. These studies on
nickel sulde materials indicate that these unique nano-
structures are able to improve the electrochemical performance
for supercapacitors.
On the other hand, the growth and anchoring of functional
nanomaterials on carbonaceous materials, such as gra-
phene,22–25 carbon nanotubes26 and carbon ber,18,27 is an
effective method to improve the cycling performance and rate
properties of supercapacitors.28 Hollow carbon spheres (HCSs)
have been regarded as an alternative substrate for preparing
electrode material due to the following advantages: internal
cavities serving as ion reservoirs and rapidly providing electro-
lyte ions for the electrochemical reactions, a carbon shell withJ. Mater. Chem. A, 2017, 5, 21257–21265 | 21257
Journal of Materials Chemistry Agood conductivity facilitating electron transport,29 and a large
surface area favoring the deposition of active materials. It can
therefore be expected that a thin and porous layer of active
material grown on the HCS surface could exhibit enhanced
energy storage capacity and rate capacity.
Herein, we reported the design and fabrication of porous NiS
nanosheets grown on N-doped hollow carbon spheres (NHCSs)
via an efficient template-engaged method. The rst step
involves fabricating N-doped carbon spheres@SiO2 (N-carbon/
SiO2) with a core–shell structure, which serves as the template
for the growth of nickel silicate (NiSi) nanosheets on the surface
of NHCSs in the second step, yielding NiSi/NHCS hollow
structures. Finally, the NiSi/NHCS hollow structure is trans-
formed into NHCS-supported NiS nanosheets (NiS/NHCS) by
hydrothermal suldation treatment. When used as an electrode
material for supercapacitors, the NiS/NHCS composite with
a hierarchically hollow structure exhibits better electrochemical
properties than pure NiS hollow spheres (NiS-HS).Results and discussion
The synthesis process of the hierarchical NiS/NHCS composite
with a hollow structure is illustrated in Fig. 1. First, N-carbon/
SiO2 with uniform sizes (Fig. S1a and b†) is synthesized via
a one-step process involving the hydrolysis of tetraethoxysilane
(TEOS) and the polymerization of dopamine, followed by the
carbonization of the polydopamine/SiO2 spheres. Then nickel
silicate nanosheets are in situ formed on the NHCS surface via
a facile hydrothermal treatment in dilute ammonia solution,
where NHCSs and SiO2 cores serve as templates and the self-
sacricial substrate, respectively (step I). In this process,
ammonia can not only produce an alkaline condition but also
provide NH3 to coordinate with Ni
2+.30 Ammonium chloride is
a necessary additive to mediate the dissociation of ammonia
and inhibit the formation of nickel hydroxide. Silicate anions
are released from the dissolution of the SiO2 core under alkaline
conditions at high temperature. The reaction between the sili-
cate ions and Ni2+ leads to the nucleation of NiSi, which could
preferentially deposit on the carbon shell. Continuous disso-
lution of the SiO2 core supplies more silicate anions for the
growth of NiSi nanosheets. When there are not enough dis-
solved Ni2+ ions, an outer shell composed of nickel silicate
nanosheets on the NHCS surface and the remaining SiO2 coreFig. 1 Scheme for the formation of nickel sulfide (NiS) nanosheets
supported on the NHCS surface by a novel conversion route: (I)
growth of nickel silicate (NiSi) nanosheets on the NHCS surface with
the silica core simultaneously eliminated; (II) chemical conversion of
nickel silicate into NiS to form NiS/NHCS.
21258 | J. Mater. Chem. A, 2017, 5, 21257–21265enclosed within form a rattle-like structure (NiSi/NHCS/SiO2).
As the reaction continues, the SiO2 core is fully dissolved and
a hollow nanostructure of NiSi/NHCS is eventually fabricated.
Finally, the as-prepared NiSi/NHCS is transformed into NiS/
NHCS by a solution-based suldation approach with Na2S as
the S2 source (step II).
The microstructures of reaction products for each stage were
characterized by transmission electron microscopy (TEM). The
N-carbon/SiO2 (Fig. 2a and e) solid spheres had a uniform
diameter of 310 nm. For NiSi/NHCS/SiO2 obtained aer reaction
for 2 h (Fig. 2b and f), nickel silicate nanosheets are closely
grown on the surface of NHCSs, and a gap between the NiSi/
NHCS shell and SiO2 core can be clearly observed. Aer 12 h
of reaction, NiSi/NHCS (Fig. 2c and g) shows a hollow structure
with a 400 nm outer diameter and shell thickness of 50 nm, and
this structure is maintained in the nal product NiS/NHCS
(Fig. 2d and h). The hollow structure combining the NiS nano-
sheet shell and NHCSs can provide abundant electrochemically
active sites and a large electrolyte–electrode contact area for
a pseudocapacitive reaction. Meanwhile, the N-doped carbon
core can boost the electron transfer, which can improve the rate
capacity of supercapacitors. Additionally, the aggregation of
electroactive particles and a pronounced volume variation
during charge/discharge processes can be effectively inhibited
due to the hollow carbon cavities.
Field-emission scanning electron microscope (FESEM)
images (Fig. 3a and b) conrmed that the surface of both
NiSi/NHCS and NiS/NHCS is assembled by using numerous
nanosheets, and the morphology was not altered during sul-
dation. The NiSi hollow sphere (NiSi-HS) (Fig. S2†) and NiS-HS
(Fig. 3c) are also composed of interconnected nanosheets, and
TEM images of NiS-HS (Fig. 3d) further conrm the hierarchical
hollow structure. The average diameter of NiS-HS is about
380 nm, which is smaller than that of NiS/NHCS, mainly due to
the absence of the NHCS core. The N2 adsorption–desorption
isotherms (Fig. S3a†) of NiS/NHCS and NiS-HS can be classied
as type IV with an overlap of type H2 and H3 hysteresis loops,
which shows the existence of ink-bottle mesopores within the NiS
nanosheets or porous NHCSs and slit-like mesopores formed
between NiS nanosheets, respectively.31 NiS/NHCS and NiS-HS
have hierarchical pore structures according to the wide pore
size distribution (Fig. S3b†), which is benecial for the electrolyte
ion penetration.32 Especially, the BET specic surface area and
pore volume of NiS/NHCS (106 m2 g1 and 0.30 cm3 g1) are
higher than those of NiS-HS (86 m2 g1 and 0.15 cm3 g1), which
can provide more electroactive sites for participating in the
faradaic redox reactions, leading to improved electrochemical
performance.
The crystal structures of NHCSs, NiSi/NHCS and NiS/NHCS
were characterized by the XRD patterns (Fig. 4a). The peak at
23.5 can be assigned to graphite carbon sheets of NHCSs. In
the XRD spectrum of NiSi/NHCS, the weak peaks located at
35.5 and 60.7 are indexed to the (200) and (060) planes of
monoclinic nickel hydrosilicate, respectively.21 In the XRD
spectrum of NiS/NHCS, the peaks at 19.4, 30.3, 32.7, 35.9,
49.4, 53.5 and 59.8 can be indexed to (110), (101), (300), (021),
(410), (401) and (012) crystal planes of NiS (JCPDF #86-2281).
Fig. 2 TEM images of N-carbon/SiO2 (a and e), NiSi/NHCS/SiO2 (b and f), NiSi/NHCS (c and g) and NiS/NHCS (d and h).
Journal of Materials Chemistry AFrom the Raman spectra of NHCSs and NiS/NHCS (Fig. 4b),
typical D and G bands at 1358 and 1596 cm1 were observed,
further conrming the existence of carbon in the NiS/NHCS
composite. The relatively high intensity of the D band demon-
strates the existence of substantial defects, mainly resulting
from nitrogen dopants and contaminants.33 The peak atFig. 3 FESEM images of NiSi/NHCS (a), NiS/NHCS (b) and NiS-HS (c) and578 cm1 in the spectrum of NiS/NHCS is attributed to the F2g
model of Ni–S.34
The surface elemental composition and chemical state of
N-carbon/SiO2 and NiS/NHCS were analyzed by X-ray photo-
electron spectroscopy (XPS). The survey XPS spectrum of
N-carbon/SiO2 (Fig. S4a†) demonstrates the presence of C, N, Othe TEM image of NiS-HS (d). The scale bars of the insets are 100 nm.
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Fig. 4 (a) XRD patterns of NHCSs, NiSi/NHCS and NiS/NHCS. (b) Raman spectra of NHCSs and NiS/NHCS. High-resolution XPS spectra of Ni 2p
before and after charging (c) and S 2p (d) for NiS/NHCS.
Fig. 5 Cyclic voltammetry curves (a), GCD curves (b), specific capacitance at various current densities (c) and Nyquist plots (d) of NiS/NHCS and
NiS-HS electrodes.
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Journal of Materials Chemistry Aand Si elements. Particularly, the N signal conrms the 
successful introduction of N into the carbon shell. The C 1s 
peak in the high-resolution spectrum (Fig. S4b†) can be 
deconvoluted into four peaks at 284.6, 285.6, 287.2 and 
289.0 eV, corresponding to sp3-hybridized C–C/C]C, C–O/C–N,
C]O and –COO bonds.29 The high-resolution N 1s spectrum 
(Fig. S4c†) can be deconvoluted into four peaks at 398.3, 400.0, 
400.9 and 403.5 eV, corresponding to pyridinic-N, pyrrolic-N, 
quaternary-N and N-oxide. The N element can not only 
increase the conductivity of carbon materials, but also facilitate 
electrolyte penetration with a feasible pathway. The survey XPS 
spectrum of NiS/NHCS (Fig. S5†) shows peaks for Ni, S, C, N and 
O elements, where the signal for O can be attributed to the 
oxygen-containing functional group in the NHCS core and 
sulfur oxides in the NiS shell.33,35,37 The high-resolution XPS 
spectrum of Ni 2p (Fig. 4c) shows two characteristic peaks at 
852.1 and 869.7 eV and two shake-up satellites at 858.0 and 
876.1 eV, which can be attributed to Ni 2p3/2 and Ni 2p1/2 
orbitals of Ni2+.36 Furthermore, the XPS peak of S 2p (Fig. 4d) is 
deconvoluted into two binding energy peaks at 162.5 and 
163.8 eV, which correspond to S 2p3/2 and S 2p1/2 orbitals of S2, 
respectively. Another peak at 168.3 eV belongs to sulfur oxide 
from the oxidation of S with residual O2.37,38
The electrochemical performance of NiS/NHCS and NiS-HS 
was investigated by using a three-electrode conguration inFig. 6 (a) Configuration and illustration of the energy storage mechanism
1.0 to 0 V and 0 to 0.5 V, respectively, at 10 mV s1 in a three-electro
various operation voltages at a scan rate of 10 mV s1.2.0 M KOH aqueous solution. The cyclic voltammetry (CV)
curves of both samples (Fig. 5a) exhibit a couple of faradaic
redox peaks, which can be assigned to the reversible faradaic
redox process of Ni3+/Ni2+.29 The high-resolution XPS spectra of
Ni 2p for the NiS/NHCS aer charging was used to prove the Ni
valence change in the charging/discharging process. The two
evident peaks appearing at 854.8 and 872.4 eV can be ascribed
to Ni3+, indicating the occurrence of the redox reaction. It is
obviously seen that the integrated CV area of NiS/NHCS is much
larger than that of NiS-HS, indicating that NiS/NHCS possesses
better capacitive properties. In the galvanostatic charge/
discharge (GCD) curve of NiS/NHCS (Fig. 5b), the discharging
time matches well with the charging time, revealing a high
reversibility of the pseudocapacitive reaction at the surface of
the electrodes. And the potential plateaus correspond to the
redox peaks of the CV curves. Notably, the discharge time of
NiS/NHCS is much longer than that of NiS-HS, indicating the
markedly improved specic capacitance due to the introduction
of NHCSs as the conductive substrate.
The GCD curves of NiS/NHCS and NiS-HS electrodes were
measured at various current densities (Fig. S7a and c†) to
evaluate the rate performance (Fig. 5c). The NiS/NHCS electrode
outperforms NiS-HS over the entire current density range
tested. For example, the NiS/NHCS electrode shows a high
specic capacitance of 1150 F g1 at 1 A g1 and a capacitancefor the NiS/NHCS||AC device. (b) CV curves of AC and NiS/NHCS from
de system. (c) CV curves of the as-fabricated NiS/NHCS||AC device in
J. Mater. Chem. A, 2017, 5, 21257–21265 | 21261
Journal of Materials Chemistry Aretention rate of 52.2% at the high current density of 20 A g1,
which are much higher than those of the NiS-HS electrode (400
F g1 at 1 A g1 and 45.6% at 20 A g1). The N-doped carbon
hollow core uniformly deposited with the NiS nanosheets can
promote the electron transfer in the NiS/NHCS electrode,
leading to enhanced rate performance. The mechanism for the
excellent capacitive properties of the NiS/NHCS electrode was
further investigated by electrochemical impedance spectros-
copy (Fig. 5d). In the high frequency region, there is a pseudo-
semicircle in the Nyquist plot of NiS-HS while the semicircle
is negligible for NiS/NHCS, indicating that NiS/NHCS exhibits
a smaller charge-transfer resistance than NiS-HS. In the low
frequency region, the slope for the NiS/NHCS electrode is larger
than that for NiS-HS, suggesting that NiS/NHCS not only
possesses lower diffusive resistance but offers faster ion trans-
port. To evaluate the durability of the electrode materials, the
long-term cycling performance of NiS/NHCS and NiS-HS were
tested by GCD measurements up to 4000 cycles at 5 A g1. 76%
of the specic capacitance of NiS/NHCS was retained aer 4000
cycles compared to 63% retention for NiS-HS (Fig. S8†).
To further evaluate the NiS/NHCS electrode for practical
application, a hybrid supercapacitor (HSC) device was assem-
bled using the NiS/NHCS electrode as the cathode and the active
carbon (AC) electrode as the anode in KOH aqueous electrolyte
(Fig. 6a). Fig. 6b shows the CV curves of NiS/NHCS and AC
electrodes at a scan rate of 10 mV s1 with a stable potential
range of 1 to 0 V and 0 to 0.5 V in the three-electrode system,Fig. 7 (a) CV curves, (b) GCD curves, (c) current–density dependence of t
HS||AC. The inset of part d shows two LEDs powered by two NiS/NHCS
21262 | J. Mater. Chem. A, 2017, 5, 21257–21265respectively. The energy storage mechanism of the NiS/
NHCS||AC device is depicted in Fig. 6a. The NiS/NHCS cathode
can store energy by an oxidation reaction of NiS with the
incorporation of OH during the charging process while the AC
anode can accumulate electrons by cation (e.g. K+) adsorption.39
In the charging process, the NiS/NHCS cathode and AC anode
can produce an electric potential from 0 to 0.5 V and from1 to
0 V, respectively, endowing the HSC device with a broad oper-
ating voltage window of 1.5 V. In the discharging process, the
NiS/NHCS cathode and AC anode can release energy via the
reduction reaction and desorption of ions. The employed AC
electrode exhibits a specic capacitance of 280 F g1 at the
current density of 1 A g1 (Fig. S9†). According to the charge
balance theory between the anode and cathode in the HSC
device, the optimal mass loading ratio for the NiS/NHCS and the
AC electrode is m(NiS/NHCS) : m(AC) ¼ 0.54 : 1, while that for the
NiS-HS and the AC electrode is m(NiS-HS) : m(AC) ¼ 1.4 : 1.
Utilizing the different potential window of the NiS/NHCS and
the AC electrode, the operating voltage of the fabricated HSC
device is expected to be 1.5 V (Fig. 6c and d).
As depicted in Fig. 7a and b, the integrated area of the CV
curve of NiS/NHCS||AC was much larger than that of NiS-
HS||AC, while the discharging time of the former is also much
and longer than that of the latter, indicating that the specic
capacitance of NiS/NHCS||AC is much larger than that of NiS-
HS||AC (Fig. 7c). The specic capacitance of the NiS/NHCS||AC
exhibited a maximum specic capacitance of 120 F g1 at thehe specific capacitance and (d) Ragone plots of NiS/NHCS||AC and NiS-
||AC devices in series.
Journal of Materials Chemistry Acurrent density of 0.2 A g1 and maintained a capacitance of 46 
F g1 at 5 A g1, while those of NiS-HS||AC were 75.3 F g1 at 
0.2 A g1 and 28.1 F g1 at 5 A g1. In contrast to the single NiS/
NHCS electrode in the three-electrode system, the GCD curves 
of the HSC devices (Fig. S10a and S11c†) exhibited a better 
linear feature, demonstrating that the electron release from the 
NiS/NHCS redox reaction in the cathode has been well matched 
with the electron accumulation by cation adsorption in the AC 
anode.
Energy density and power density are two important factors 
for evaluating the electrochemical performance for a hybrid 
supercapacitor device. It can be observed from the Ragone plot 
(Fig. 7d) that the NiS/NHCS||AC device demonstrates a high 
energy density of 38.3 W h kg1 at a power density of 160 W kg1 
with a charging time of 1150 s (Fig. S10a†). It is worth noting 
that, even when charging for only 25 s, the HSC can still possess 
an energy density of 13.5 W h kg1 at a high power density of 
4000 W kg1. By contrast, the NiS-HS||AC device shows energy 
densities of 24.8 W h kg1 at 150 W kg1 and 8.8 W h kg1 at 
3944 W kg1. To manifest the practical operating performance 
of the NiS/NHCS||AC device, two LEDs (with lowest working 
voltage of 2.2 V) can be powered by two HSC devices connected 
in series (1.4 mg active materials in total for each), with red 
light emission lasting for 110 s. Fig. S12† shows the long-term 
cycling property of the NiS/NHCS||AC at a current density of 
3 A g1. Remarkably, the NiS/NHCS||AC exhibited excellent 
cycling stability and still delivered 96% of its initial capacitance 
aer 5000 cycles. Aer 5000 cycles, NiS nanosheets were still 
anchored on the surface of NHCSs (Fig. S13†), indicating that 
the NiS/NHCS composite possessed a stable chemical structure.
The excellent supercapacitive performance of NiS/NHCS can 
be attributed to several aspects. On the one hand, the NiS/NHCS 
composite with a novel hierarchical architecture can facilitate 
the diffusion of electrolyte ions and supply sufficient electro-
active sites for redox reactions. On the other hand, the NHCS 
core can markedly increase the electron transfer efficiency in 
the electrode material and alleviate the aggregation of NiS 
nanosheets during the charge/discharge process.40–42 Finally, 
the NHCSs as the backbone could support the NiS nanosheets 
stably during the charge/discharge process, which is benecial 
for the cycling stability. Hence, the NiS/NHCS composite can be 
regarded as a promising candidate material for high-
performance supercapacitors, due to its high specic capaci-
tance and outstanding stability.
Conclusion
A hierarchical NiS/NHCS composite with enhanced super-
capacitive performance can be rationally designed and fabri-
cated by a sacricial template method. The NiS/NHCS 
composite exhibits a specic capacitance of 1150 F g1 at 
1 A g1 and 600 F g1 at the high current density of 20 A g1. And 
the hybrid supercapacitor device assembled with NiS/NHCS as 
the cathode and an activated carbon electrode as the anode 
delivers a high energy density of 38.3 W h kg1 at a power 
density of 160 W kg1 and has an excellent cycle performance 
with the retention rate of 96% aer 5000 cycles. Moreover, thestrategy reported herein can be applied for synthesizing other
hierarchical carbon–metal sulde composite materials for
energy conversion and storage applications.
Experimental section
Synthesis of N-doped carbon/SiO2 spheres
N-doped carbon/SiO2 (N-carbon/SiO2) spheres were synthesized
by a facile one-step method involving the formation of spherical
SiO2 cores and the coating of polydopamine. Briey, a mixture
containing 12 mL of anhydrous ethanol, 0.5 mL of ammonia
(25%) and 40 mL of distilled water was vigorously stirred for
10 min. One milliliter of tetraethoxysilane (TEOS) was added to
the mixture dropwise, and the stirring continued for an addi-
tional 15 min. Subsequently, 4 mL of dopamine hydrochloride
(DA) aqueous solution (50 mg mL1) was added to the above
solution and kept stirring for 32 h. Brown polydopamine/SiO2
(PDA/SiO2) spheres were collected aer centrifugation and
washed with puried water three times. N-carbon/SiO2 spheres
were obtained aer calcination at 800 C for 2 h under
a nitrogen (N2) atmosphere.
Synthesis of the NiSi/NHCS composite
For preparation of NiSi/NHCS, 40 mg of N-carbon/SiO2 was
dispersed in 40 mL of water by sonication for 0.5 h, followed by
the addition of NiCl2 (0.5 mmol), NH4Cl (5 mmol) and NH3$H2O
(0.5 mL) under mild stirring. Aer stirring for 0.5 h, the mixture
suspension was transferred into a Teon-lined autoclave
and maintained at 105 C. Aer reaction for 2 h and 12 h,
NiSi/NHCS/SiO2 and NiSi/NHCS composites were obtained,
respectively.
Synthesis of NiS/NHCS
40 mg of NiSi/NHCS and 100 mg of polyvinylpyrrolidone (PVP,
K-30) were added to 60 mL of distilled water and sonicated for
0.5 h. Subsequently, 600 mg of Na2S$9H2O was added during
stirring, and the suspension was transferred to a 100 mL Teon-
lined autoclave and heated at 160 C for 12 h. The product was
obtained aer washing with puried water and ethanol several
times and annealing at 300 C for 2 h in a N2 atmosphere. For
comparison, NiS hollow spheres (NiS-HS) were fabricated under
the same conditions as those of the synthesis of NiS/NHCS,
except that SiO2 spheres were used instead of the N-carbon/
SiO2.
Materials characterization
Powder X-ray diffraction (XRD) patterns of the samples were
recorded on a Rigaku X-ray diffractometer with Cu Ka radiation
(l¼ 0.15418 nm). The morphologies were examined with a eld
emission scanning electron microscope (FESEM, JSM-7500) and
transmission electron microscope (TEM, Titan G2). Nitrogen
adsorption–desorption experiments were performed on
a Micromeritics ASAP 2020 nitrogen adsorption apparatus to
measure the specic surface area and porosity of the samples.
The X-ray photoelectron spectroscopy (XPS) was conducted on
a Thermo ESCALAB 250. Raman spectrum analysis wasJ. Mater. Chem. A, 2017, 5, 21257–21265 | 21263
Journal of Materials Chemistry Aperformed by using a Renishaw Ramanmicroscope under lexc¼
633 nm laser excitation.Electrochemical measurements
The working electrodes were obtained by brushing a mixture of
active materials (NiS/NHCS, NiS-HS or AC), acetylene black and
polyvinylidene uoride (mass ratio 8 : 1 : 1) in N-methyl pyrro-
lidone (NMP) solvent onto nickel foam and air-drying at 100 C
overnight. Themass loading of the active material for individual
electrodes was 1.0 mg cm2. A three-electrode system congu-
ration was used to test the electrochemical performance of
individual electrodes, where a platinum foil served as the
counter electrode and a Ag/AgCl electrode served as the refer-
ence electrode. Cyclic voltammetry (CV), galvanostatic charge/
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) were carried out on a electrochemical workstation (CHI
760E) in 2.0 M KOH electrolyte. Moreover, the ACS device was
assembled with NiS/NHCS as the cathode and AC as the anode
to measure its potential for practical application.Conflicts of interest
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